Background: Cardiovascular diseases, including dilated cardiomyopathy (DCM) and hypertension, are the leading cause of death worldwide. The role of mitochondrial DNA (mtDNA) in the pathogenesis of these diseases has not been completely clarified. In this study, we evaluate whether A8701G mutation is associated with maternally inherited hypertension and DCM in a Chinese pedigree of a consanguineous marriage. Methods: Fourteen subjects in a three-generation Han Chinese family with hypertension and DCM, in which consanguineous marriage was present in the parental generation, were interviewed. We divided all the family members into case (7 maternal members) and control group (7 nonmaternal members) for comparison. Clinical evaluations and sequence analysis of mtDNA were obtained from all participants. Frequency differences between maternal and nonmaternal members were tested to locate the disease-associated mutations. Results: The majority of the family members presented with a maternal inheritance of hypertension and DCM. Sequence analysis of mtDNA in this pedigree identified eight mtDNA mutations. Among the mutations identified, there was only one significant mutation: A8701G (P = 0.005), which is a homoplasmic mitochondrial missense mutation in all the matrilineal relatives. There was no clear evidence for any synergistic effects between A8701G and other mutations. Conclusions: A8701G mutation may act as an inherited risk factor for the matrilineal transmission of hypertension and DCM in conjunction with genetic disorders caused by consanguineous marriage.
IntroductIon
Cardiovascular disease, which includes hypertension, coronary heart disease, dilated cardiomyopathy (DCM) and others, is the leading cause of death worldwide. Clinical trials have shown that hypertension is one of the potential risk factors for DCM. [1, 2] Considering the central role of mitochondria in the production of energy and reactive oxygen species (ROS), mutations in mitochondrial DNA (mtDNA) are believed to affect the pathogenesis of hypertension. [3] Evidence supports the notion that somatic mtDNA damage is a good predictor of hypertension. [4] A8701G mutation in the mitochondrial ATP6 gene is the most common mutation underlying hypertension. Other previously identified mutations include A4401G mutation in the junction between tRNAGln and tRNAMet genes, A4435G mutation in the tRNAMet gene, [5, 6] and A4295G and A4263G mutations in the tRNAIle gene. [7, 8] DCM is a heart muscle disorder which can be inherited as autosomal dominant, X-linked, or mitochondrial inheritance. [9] However, DCM is probably underdiagnosed and is believed to account for a much larger number of cases, as subjects may remain asymptomatic until a remarkable ventricular dysfunction has occurred. Although mtDNA defects have been described in an increasing number of cases of DCM, it has heretofore rarely been in association with the demonstrable A8701G mutation. DCM can be accompanied by hypertension. In these cases, DCM is different from hypertensive cardiomyopathy, which is characterized by hypertrophy and takes years to develop. So far, knowledge of the role of the mitochondrial genome in the pathogenesis of these diseases has not been completely clarified in Asian population.
Consanguineous marriage, or marriage between relatives, has received a lot of attention as a potential risk factor for some inherited disorders including hypertension. [10, 11] On the other hand, very limited studies have been conducted to delve into the possible impact of consanguineous marriages and mtDNA on common multifactorial and polygenic adult disorders.
Family based design is widely used in genetic association studies to detect disease susceptibility variants. Here, we report a Han Chinese pedigree in which several members were diagnosed with maternally transmitted hypertension and DCM. The family based study identified a significantly associated mitochondrial variant such as A8701G mutation, which was enriched in this family, may be due to the consanguineous marriage in the first generation. The mitochondrial genome in this Chinese family belonged to the eastern Asian haplogroup M. A8701G mutation in mtDNA, which is considered pathogenic, is absent in healthy control subjects and usually accompanied by affected levels of respiratory chain enzyme activity. [12] 
Methods

Subjects
In total, we recruited 14 subjects from this family at the Department of Cardiology in the Northern People's Hospital (Jiangsu, China). Figure 1 shows the pedigree of the reported family and sums up the clinical features of the individuals affected by hypertension and DCM. DCM was defined according to World Health Organization (WHO)/ International Society and Federation of Cardiology criteria. [13] We divided the family members into case (7 maternal members) and control group (7 nonmaternal members) for comparison. Members of the family were interviewed and evaluated to identify both personal and medical histories of clinical abnormalities. Informed consent, medical history, clinical evaluations, echocardiographic scanning, biochemical tests, and genetic analysis were obtained from all participants. The protocol was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Northern People's Hospital.
Measurements of blood pressure
Members of this Chinese family underwent a physical examination, laboratory assessment of cardiovascular disease risk factors, and routine electrocardiography. Blood pressure was measured by an experienced physician using a mercury column sphygmomanometer according to the WHO standardized criteria. [14] The first and fifth Korotkoff sounds were taken as indicative of systolic and diastolic blood pressure, respectively. The mean value of three systolic and diastolic blood pressure readings was used. According to the recommendation of the Joint National Committee on Detection, Evaluation, and Treatment of High Blood Pressure, [15] hypertension is defined as systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg on at least three different occasions when measured in accordance with WHO criteria.
Mitochondrial DNA analysis
Genomic DNA was extracted from the peripheral blood of both case and control subjects. DNA was isolated using Promega Wizard Genomic DNA Purification Kit (Madison, WI, USA). The most likely sites for cardiovascular diseases as described previously [16] were screened using oligodeoxynucleotides 3777-4679 and 7908-8816 bp. The samples were incubated with extraction buffer (10 mmol/L Tris-HCl, 100 mmol/L ethylenediaminetetraacetic acid [EDTA], 0.5% sodium dodecyl sulfate, and 20 µg/ml RNAse, pH 8.0) and digested with proteinase K. DNA was extracted with phenol once, precipitated with ethanol, and recovered in TE0.1 (10 mmol/L Tris-HCl, 0.1 mmol/L EDTA, pH 8.0). The polymerase chain reaction (PCR) amplification of the mitochondrial tRNA Lys and tRNA Ile gene was carried out, using the following primers: forward: 5′-ACGAGTACACCGACTACGGC-3′ and reverse: 5′-TGGGTGGTTGGTGTAAATGA-3′, forward: 5′-TGGCTCCTTTAACCTCTCCA-3′ and reverse: 5′-AAGGATTATGGATGCGGTTG-3′. The mitochondrial genomes of the proband carrying A8701G mutation were PCR amplified by sets of the light strand and heavy strand oligonucleotide primers as described elsewhere. [8] PCR was performed in 30 µl of the reaction mixture, containing 5.2 µl of PCR Master Mix (Qiagen; Hilden, Germany), 2.5 µl of each primer, 1 µl DNA sample, and 18.8 µl of water. PCR was carried out in a 9700 Thermocycler (Perkin-Elmer Applied Biosystems, Norwalk, USA) with one cycle of 95°C for 5 min, and then 35 cycles of 95°C for 30 s, 54°C for 30 s, and 72°C for 60 s with a full extension cycle of 72°C for 10 min. Each fragment was purified and subsequently analyzed by direct sequencing with ABI 3730 Sequence Analysis software (Applied Biosystems, Inc., Foster City, CA, USA) using the BigDye Terminator v1.1 kit (ABI Company, Carlsbad, CA, USA) and analyzed with SeqWeb program GAP (GCG) according to the updated consensus Cambridge sequence. [17] 
Statistical analysis
Statistical analyses were performed using SPSS software (version 16.0; SPSS Inc., Chicago, IL, USA). Differences in categorical variables were assessed with Fisher's exact test. The level of P < 0.05 was considered statistically significant.
results
Clinical presentation
The proband (II-3) began suffering from hypertension at the age of 48 years old. She was referred to the Cardiology Clinic of Northern Hospital because of intermittent dizziness and exertional dyspnea at the age of 52 years old. Her blood pressure was 190/100 mmHg. Chest X-rays showed cardiomegaly with a cardiothoracic index of 0.6. The echocardiography examination revealed left chamber enlargement with impaired systolic left ventricular (LV) function (LV end-diastolic diameter, 60 mm; LV ejection fraction, 35%). Physical examination and laboratory assessment of cardiovascular disease risk factors were negative for other clinical abnormalities including diabetes, visual and hearing disorders, and renal and neurological impairments. Therefore, she exhibited a typical phenotype of essential hypertension and DCM. Six months later, she developed progressive cardiac failure due to LV dysfunction and mitral regurgitation despite optimal medical treatment. She was treated with a cardiac resynchronization therapy (CRT) device, after which there was a slight improvement in LV function (LV end-diastolic diameter, 57 mm, LV ejection fraction, 37%) [ Figure 2 ]. Recent electrocardiogram (ECG) showed atrioventricular synchrony and QRS interval of 120 ms [ Figure 3 ]. The proband's family originates from Jiangsu Province in Eastern China, and the majority of the family members presented with a maternal inheritance of hypertension and DCM. The age at onset ranged from 45 to 60 years [ Figure 1 ]. The degree of relationship between the proband's parents was the second cousin. There was no evidence that any member of the family had any nonfamily related factors to account for the diseases. The proband, her brothers, and mother had a combination of DCM and hypertension. Her mother was known to have been treated with CRT, but died suddenly due to severe heart failure. Clinical features of some family members are summarized in Table 1 . Two (II-1, II-3) matrilineal relatives had LV hypertrophy on the recorded ECG. In addition, the proband showed an increased interventricular septal thickness. As indicated in Table 2 , the level of uric acid in three subjects (II-1, II-3, and II-8), the level of fasting blood glucose in 1 subject (II-5), and the level of triglyceride in three subjects (II-1, II-5, and II-8) exceeded the standard levels. The level of LV end-diastolic diameter, LV ejection fraction, and brain natriuretic peptide in three subjects (II-1, II-3, II-5) were above the standard levels. None of other matrilineal relatives, except the proband, exhibited an increase in total cholesterol. In addition, no other organ system involvement was clinically significant.
Analysis of mitochondrial sequence variants
Because the pedigree analysis suggested a maternal inheritance pattern, we investigated the function of the mitochondrial genome of family members. For this purpose, DNA fragments spanning the mtDNA at positions 3777-4679 and 7908-8816 were PCR amplified, and each fragment was purified and subsequently analyzed by direct sequencing. We looked into the variants in two lists of pathogenic variants from MitoMap (http://www.mitomap. org/) and mtDB (http://www.genpat.uu.se/mtDB/). [18, 19] The mtDNA variants identified by the sequencing in all the family members are listed in Table 3 
dIscussIon
The association between hypertension and DCM of mitochondrial A8701G is apparently unique in this pedigree. Mother to son transmission was observed, but the high degree of consanguinity suggests recessive inheritance is more likely. It has been shown that consanguineous marriages have a higher prevalence of certain adult diseases and genetic disorders than nonconsanguineous marriages. [20] In accordance with previous reports, our findings showed that consanguineous marriage was an important factor causing illnesses in the offspring of this family. Nevertheless, hypertension and DCM as the clinical phenotype presented only in the maternal lineage of this pedigree. The pathogenesis of the role of genetic disorders caused by consanguineous marriage could not be clarified. The inherited pattern also provides a clear indication that the mtDNA variant contributes to the phenotype.
Although deleterious mtDNA variants are generally heteroplasmic and induce severe clinical symptoms early at onset, mild mutations are often homoplasmic, can be observed in a general population, and may predispose to specific symptoms of diseases such as type 2 diabetes mellitus, Alzheimer's disease, and obesity in various ethnic groups. [21] Clinical and genetic evaluation revealed the varying severity and age at onset in both hypertension and DCM. In this study, the age at onset for the affected matrilineal relatives in the family was between 45 and 60 years old, with an average of 50 years. It was previously reported that 20% of the cases of DCM were likely familial. [22] This mutation in structural gene has also been reported in patients with DCM and hypertension. [23] Multiple types of mutations in mtDNA that cause dysfunction of oxidative phosphorylation (OXPHOS) enzymes have been investigated in patients with cardiomyopathy and hypertension or a combination of the two. [6, 7] Mitochondrial OXPHOS defects resulting in the reduction of adenosine Female  80  60  180  100  SB  9  II-1  Male  54  50  170  103  LVH  11  II-2  Female  53  NA  130  80  N  NA  II-3  Female  52  48  190  100  SB  11  II-4  Male  53  NA  120  65  N  NA  II-5  Male  49  44  150  96  MI  10  II-6  Female  48  47  159  105  N  11  II-7  Male  47  NA  130  75  N  NA  II-8  Female  47  45  147  98  N  9  III-1  Female  26  NA  120  80  N  9  III-2  Male  25  NA  110  70  N  8  III-3  Male  24  NA  130  64  N  NA  III-4  Female  22  NA  115  81  N  NA  III-5  Male  19  NA  106 triphosphate (ATP) generation and longstanding increase of ROS production may be responsible for the pathogenesis of hypertension, cardiac contractile dysfunction and, subsequently, heart failure and death. In this family, the proband's mother died of cardiac failure several days after surgery and could not be investigated further. Three offspring carrying the mutant were diagnosed with hypertension and DCM, means the transmission was compatible with a maternally inherited trait. Apart from the involvement of variants of the maternally inherited mitochondrial genome, knowledge of the pathogenesis of mitochondrial disorder as a cause of cardiomyopathy remains incomplete.
Our results indicated that hypertension and DCM were prominent features in maternally transmitted disorders in conjunctions with mtDNA A8701G mutation. To date, there is very limited information on the importance of this mutation in cardiovascular disease in general. [24] The underlying contributing factors in the family remain poorly understood, but mtDNA A8701G mutation is potentially an explanatory variable. Due to the high mutation rate of mtDNA, it has accumulated sequential mutations stratified into different mtDNA lineages or haplogroups that have been used as genetic markers of human evolution. [19] mtDNA A8701G mutation in this Chinese pedigree belongs to the Asian haplogroup M. It was characteristically heteroplasmic and was not observed in healthy control subjects during the study period. In the mitochondrial SNP (mtSNP) 8701A/G, there is a 59 th amino-acid substitution from threonine to alanine at ATPase6, the F0 subunit of complex V. Using trans-mitochondrial hybrid cells, mtSNP A8701G was shown to cause abnormal results in impaired mitochondrial pH and intracellular calcium dynamics and is suspected to be associated with the pathogenesis of some diseases. [25] Complex V or ATP synthase, the final enzyme of the OXPHOS system, enables protons to flow back to the matrix and uses the released energy to synthesize ATP. It is composed of at least 16 subunits, of which 2 (ATP6 and ATP8) are encoded by the mtDNA. So far, the most common noted result of ATP6 mutation has been confirmed to be neuropathy, ataxia and retinitis pigmentosa, or maternally inherited Leigh's syndrome. [26] A previous study illustrated that mutations of the ATP6 gene were associated with a deficiency in the stability of complex V. [27] More recently, the nucleotide change A to G at position 8701 in ATP6 gene, part of the ATP synthase protein, has been demonstrated to reduce ATP synthesis and significantly impair the assembly or stability of the ATP synthase. [28] To our understanding, the present report of hypertension and DCM in a Chinese pedigree is directly caused by a maternally inherited point mutation in mtDNA and expands the knowledge of genetic heterogeneity.
It is now clear that the mtDNA mutation may play an important role in the pathophysiology of hypertension and DCM. In this family, the prevalence of diseases showed a marked age dependence. The proband's son and younger sister were carrying the same mutant but did not show any clinical presentations of disease. When heteroplasmy reaches the cardiac tissue threshold level, mitochondrial ATP generation becomes insufficient for physiological cardiac function and cardiomyopathy develops. Thus, the impaired mitochondrial function with aging might arise later in life in blood pressure and symptoms of DCM, particularly during the later decades of human life. Those asymptomatic carriers that are at increased risk of disease may need regular screening such as echocardiograms to monitor the early progression of the disorder. Based on studies of heart diseases, it is believed that early pharmacological therapy including angiotensin converting enzyme inhibitors could be very effective in limiting the progression of a given disorder. Further studies will also be needed to elucidate the molecular mechanisms by which A8701G polymorphism of the mtDNA affects age-related mitochondrial functional changes. The homoplasmic level, moderate nature of mitochondrial dysfunction, late onset, and incomplete penetrance of hypertension observed in the affected subjects on maternal linkage harboring A8701G mutation, showed that the mutation is an inherited contributing factor necessary for the development of disease but may be insufficient to produce a clinical picture on its own. Although most of the known mutations appear to be specific to individual probands, the incomplete penetrance of other clinical abnormalities arises from homoplasmic mtDNA mutations including hypertension-associated mtDNA A4435G mutation, sensorineural hearing loss-associated 12SrRNA A1555G mutation, and Leber's hereditary optic neuropathy-associated G11778A mutation. [29, 30] The novel known A4435G mutation in tRNAMet gene, as shown in Table 3 , may influence the transcription of tRNA, thereby affecting the steady level of protein synthesis. In addition, the base pair change C to T at position 8414 in ATP8 gene was also found in matrilineal relatives in this family. The mutations most likely affect the function of protein synthesis.
As a lifestyle-related disease, both genetic and environmental factors may contribute to the clinical phenotype of heart disease. For instance, patient II-5, who became a heavy smoker only after the first symptoms of diabetes, developed hypertension, cardiomyopathy, and other symptoms possibly related to chronic alcohol abuse in conjunction with the mitochondrial dysfunction. Many factors could contribute to the observed phenotypes in the studied family with the proband having both a more severe phenotype and more severe clinical syndrome than her two brothers. Sequencing of the 8701 mutation failed to identify other sequence variations that could account for the varying phenotypes in these subjects. Variability in clinical expression can also be explained by nuclear genetic background, environmental and epigenetic factors, and personal lifestyle interactions. [31] [32] [33] [34] Integrated research could disclose some of the ways that genetic and environmental factors lead to the expression of proteins controlling the causal processes of hypertension. [35] A8701G mutation should be added to the list of predicted risk factors for future molecular investigation. Further studies should be performed to confirm its detrimental effect with more data closely related to mitochondrial function. So far, genetic counseling approaches for familial disease are still underdeveloped, and consensus guidelines remain meager. As incomplete penetrance is a feature of this disease, mutation carriers who remain asymptomatic should be counseled that they are at risk for the development of cardiac symptoms and advised to consider salt and fluid restriction, treatment of hypertension, limitation of alcohol intake, control of body weight, and physical exercise. In addition, a detailed examination and investigation will be required to define the role of A8701G mutation, and genetic factors caused by consanguineous marriage might affect this family with maternally inherited hypertension and DCM.
There are some study limitations in this study. A family trio sequencing study identified a mtDNA A8701G mutation associated with maternally inherited hypertension and DCM in a Chinese pedigree of a consanguineous marriage. A mitochondrial chromosome sequencing-based association study looked into the sequence variations that could account for the varying phenotypes in these subjects. The findings are helpful for counseling families with cardiovascular disorders and studies on the cardiovascular disorders associated mtDNA mutations. While the variability in clinical expression can also be explained by many factors, including nuclear genetic background, environmental and epigenetic factors, and personal lifestyle choices, the mechanism underlying the relationship between A8701G and maternally inherited hypertension and DCM is still unclear. Further integrated research could reveal how genetic and environmental factors, together with protein expression, control the causal processes of hypertension.
In conclusion, our data reinforced the previous observation that mitochondrial dysfunction caused by A8701G mutation has the potential to contribute, either singly or synergistically, to the pathophysiology of cardiovascular diseases. This mutation was heteroplasmic in blood and was accompanied by slightly reduced deficiency of mitochondrial respiratory chain enzymes. There has been little evidence supporting a direct association of cardiovascular diseases with the 8701 variant of mtDNA before our study. Consequently, our findings will be helpful for counseling patients with familial DCM and hypertension. From a lifestyle modification viewpoint, avoiding consanguineous marriages in addition to refraining from environmental risk factors should be emphasized.
